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Objective: The primary objective was to conduct a meta-analysis on published observational cohort data describing the association between acetyl-salicylic acid (aspirin) use prior to the onset of sepsis and mortality in hospitalized patients. Study Selection: Studies that reported mortality in patients on aspirin with sepsis with a comparison group of patients with sepsis not on prior aspirin therapy were included. Data Sources: Fifteen studies described hospital-based cohorts (n = 17,065), whereas one was a large insurance-based database (n = 683,421). Individual-level patient data were incorporated from all selected studies. Data Extraction: Propensity analyses with 1:1 propensity score matching at the study level were performed, using the most consistently available covariates judged to be associated with aspirin. Meta-analyses were performed to estimate the pooled average treatment effect of aspirin on sepsis-related mortality. Data Synthesis: Use of aspirin was associated with a 7% (95% CI, 2-12%; p = 0.005) reduction in the risk of death as shown by meta-analysis with considerable statistical heterogeneity (I 2 = 61.6%). Conclusions: These results are consistent with effects ranging from a 2% to 12% reduction in mortality risk in patients taking aspirin prior to sepsis onset. This association anticipates results of definitive studies of the use of low-dose aspirin as a strategy for reduction of deaths in patients with sepsis. (Crit Care Med 2017; 45:1871-1879) Key Words: acetyl-salicylic acid; aspirin; death; mortality; sepsis S epsis therapy discovery has been bedeviled by failed attempts at proving efficacy of specific treatments (1). Numerous adjuvant treatments for sepsis that have targeted the inflammatory cascade have been ineffective when assessed in phase III or IV trials. Meanwhile, there has been a gradual reduction in mortality in patients admitted to ICUs owing to improvements in nonspecific treatment of sepsis (2), although mortality due to septic shock remains high (20-40%) (2, 3) .
Acetyl-salicylic acid (aspirin) may also have benefits in reducing sepsis severity. Observational studies of patients presenting to hospital with sepsis have calculated the impact of prior aspirin use on death in various cohorts (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Other studies have considered aspirin's influence on the various illnesses leading to acute lung injury (17) (18) (19) .
In vitro data suggest that aspirin may have specific effects of potential benefit in sepsis that are not shared with other antiplatelets. Therefore, it is of value to consolidate the available information to assess whether aspirin has any benefit in improving sepsis outcomes. Quantifying the association of aspirin and other antiplatelet agents with reduced sepsisassociated mortality may support the specific benefit of aspirin therapy.
We present an individual patient data meta-analysis using study-level propensity score-matched reanalysis to estimate the association between prior aspirin use and sepsis mortality.
MATERIALS AND METHODS

Search Strategy
Our methods were prospectively registered with PROSPERO (CRD42015026690) and complied with the Meta-analysis of Observational Studies in Epidemiology guidelines (20) . The study profile is presented in Figure 1 . We searched MED-LINE, Cochrane, and PubMed databases for English language articles published from inception to July 01, 2016. A combination of Medical Subject Heading keywords was used. The search terms were "aspirin," "antiplatelet," "acetyl-salicylic acid," "nonsteroidal anti-inflammatory," "NSAID," "infection," "sepsis," "severe sepsis," "septic shock," "mortality," and "death." This approach was supplemented with manual reviews of references from included studies and returned 2,207 abstracts, through which 62 potentially eligible full-text articles were identified.
Study Selection
Publications were selected for inclusion if they 1) included cohorts of patients with sepsis; 2) included both patients treated and not treated with aspirin or anti-platelets; and 3) reported mortality as a consequence of the sepsis episode.
The search strategy identified 16 observational studies, which were subsequently found to describe 13 nonoverlapping datasets. All authorship groups agreed to participate and provided line-listed individual patient data. Of the 13 datasets, four included sepsis patients only and eight were not limited to sepsis, but patients with sepsis could be identified from provided data. One article analyzed a dataset consisting of patients with pneumonia from which those with sepsis could not be distinguished and was excluded (4) . The diagnosis of sepsis was made according to the prevailing consensus definitions in all but three of the included studies (11, 14, 15) . One study (15) provided different covariates for two patient subgroups and therefore the approach to analysis differed for each group. Consequently, 12 datasets were included in the final analysis. One such dataset was an insurance database, which included 683,421 hospitalizations for sepsis and provided aggregate information on use of antiplatelet agents only (13) . The remaining studies reported on hospital-based cohorts ranging in size from 161 to 6,131 hospital admissions.
Study-Level Propensity Analyses for Two-Step MetaAnalyses
For the two-step meta-analyses, a standardized approach to study-level propensity analysis was first undertaken. Most studies provided individual-level data on aspirin use, allowing this exposure variable to be used for the primary analysis (7-9, 11, 12, 14, 15, 17, 19, 21) . In one study, it was not possible to disaggregate aspirin use from that of other antiplatelets in the hospital-based cohort (13) . However, as aspirin was the antiplatelet used by over 95% of patients in all other studies (6, 10, 16, 18) , it is likely that it constituted the large majority of antiplatelet agents used in the analysis of antiplatelet exposure for this study.
For the analysis of the effect of aspirin, patients on other antiplatelet agents were excluded where information was specifically provided on these agents. For some studies, a single variable for antiplatelet agents was provided, whereas for others, variables were provided for individual medications (with clopidogrel, ticlopidine, and prasugrel considered antiplatelets). All such patients treated with antiplatelets were excluded from the analysis of the effect of aspirin, whether treated with aspirin or not. For the analysis of the effect of antiplatelet agents, studies that only reported aspirin use and not use of any antiplatelet were excluded. Patients treated with nonsteroidal anti-inflammatory drugs (NSAIDS) or with statins were included in all analyses. Propensity scores were generated by 1:1 matching to nearest neighbors, using an approach to covariate selection that balanced 1) consistency with the approaches used by individual studies; 2) consistency across studies, given the differing covariates available; 3) breadth of inclusion variables (while also avoiding overmatching). Age and gender were used for all studies. Versions II or III of the Acute Physiology and Chronic Health Evaluation index were used where available (nine studies). Comorbidities of diabetes, stroke, or cerebrovascular disease and coronary artery disease or cardiovascular disease were also included as covariates, as they were both consistently available from most studies and potentially associated with aspirin use. Other covariates that may have predicted aspirin use, such as hypertension or peptic ulcer disease, were not provided by enough studies. Covariates used for propensity matching by study are listed in Table 1 .
Ten of the 12 studies reported death at hospital separation and four reported death at 30 days from hospital admission, with two reporting both these outcomes. Therefore, death at hospital separation was used for the 10 studies reporting this outcome and death at 30 days for the two for which this was not available. This approach was used to generate study-level point estimates and CIs for the average treatment effect of aspirin and of antiplatelet agents on the risk of mortality after hospitalization, using the teffects psmatch command from Stata (StataCorp., College Station, TX).
Two-Step Meta-Analyses
A meta-analysis was next undertaken at the study level, using the propensity-matched results obtained as described above and standard meta-analytic methods (i.e., "two-step" meta-analysis). Due to statistical heterogeneity, random effects meta-analyses were performed. Pooled analyses of the effect of antiplatelet agents were performed with and without the large insurance database study (13) included, as its methodological approach was substantially different from that of the hospital-based studies and its size would have overwhelmed the contribution from the other studies.
One-Step Meta-Analyses
Next, we undertook a single regression analysis across the entire pooled dataset by first performing 1:1 propensity matching using Stata's psmatch2 command, which produces variables to indicate matched records. Logistic regression analyses were then performed with aspirin use and antiplatelet use as the only exposure variables to determine the odds ratio for death (at separation or 30 days) in the dataset restricted to matched patients only with incorporation of a clustering term for study of origin (i.e., one-step meta-analysis).
RESULTS
Association Between Aspirin Use and the Risk of Death
Six thousand eight hundred twenty-three patients described in 11 studies from 2011 to 2016 were included in the analysis of the association between aspirin usage and mortality in patients hospitalized for sepsis. Point estimates for the average treatment effect from study level propensity analyses ranged from a 34% reduction to a 3% increase in the risk of death, although estimates from studies contributing more than 100 patients ranged from a 15% reduction to a 3% increase in risk. Despite this, individual estimates from reanalysis of most (eight of 12) included studies were nonsignificant. The two-step random effects meta-analysis suggested significant statistical heterogeneity (I 2 = 61.6%; p = 0.003), with a pooled estimate of a significant reduction in risk of death by 7% (95% CI, 2-12%; p = 0.005) (Fig. 2) . Multivariate meta-regression incorporating Figure 2 . Forest plot of the effect of aspirin on mortality in patients with sepsis as determined by a two-step meta-analysis using a random effects model. gender and the mean age of each included study population as exposure variables found nonsignificant trends toward male gender and increasing age being associated with a greater treatment effect (regression coefficient for proportion male: -0.42 (-0.89 to 0.55; p = 0.08), regression coefficient per year of increasing age: -0.0098 (-0.20 to 0.00052; p = 0.06; data not shown). Funnel plots revealed no evidence of publication bias (Supplemental Fig. 1 , Supplemental Digital Content 1, http:// links.lww.com/CCM/C795).
The odds ratio for death on the one-step propensitymatched regression analysis was 0.78 (0.57-1.06; p = 0.11), nonsignificantly favoring aspirin ( Table 2) .
Effect of Antiplatelets on the Risk of Death
Four thousand two hundred eighty-four patients were included in the analysis of antiplatelet drug usage and mortality in patients hospitalized for sepsis from six hospital cohorts and a further 683,421 were included from the large insurance database study (13) . Reanalyses of hospital-based studies using propensity scores revealed an overall effect size of a 6% reduction in mortality, with the 95% CI ranging from 12% to virtually no effect. When the reanalyzed insurance database study was pooled with the hospitalbased studies, statistical significance was clearer (average reduction in mortality with treatment 6%; 95% CI, 2-10%; p = 0.004) (Fig. 3) . It is important to note that the markedly larger sample size in the insurance database study has a considerable impact on this treatment effect. One-step regression analysis of these studies suggested a significant reduction in the odds of death (OR, 0.39; 95% CI, 0.20-0.78; p = 0.007) with all studies included.
DISCUSSION
This combined analysis of all available observational data shows that antiplatelet drugs and aspirin usage in isolation prior to onset of sepsis are associated with a reduction in mortality. Propensity analyses are accepted as the optimal method for interrogating retrospective data, providing a method of pseudorandomization. Several of the included datasets are from studies reporting markedly different effects from those we report for the same dataset using a standardized propensity analytic approach. Furthermore, as most included studies showed nonsignificant effect sizes, only pooling of results demonstrated a measureable treatment effect, emphasizing the utility of our meta-analysis.
The included studies showed a considerable degree of heterogeneity, which may reflect differences in the cohorts considered. These were enrolled from different contexts and had considerably different baseline characteristics, as reported by the individual publications. However, despite these differences, the reanalyses of most included studies (nine of 12) were consistent with the pooled effect size estimated from our two-step random effects meta-analyses. A large proportion of the heterogeneity was contributed by the study by Kor et al (17) , which was notable for having the lowest mortality of any included study. If this study is excluded from the two-step analysis, heterogeneity decreases markedly (I 2 = 34.7%; p = 0.121), with an average treatment effect estimate of 8% (95% CI, 4-12%) and the CI of all 11 remaining studies consistent with this point estimate.
Although the results for aspirin and antiplatelets are similar, these two analyses include many of the same individuals and so should not be seen as reinforcing the estimates provided by the other analysis. Rather, the meta-analysis of the effect of aspirin is intended to provide an effect size for the use of aspirin alone, whereas the meta-analysis of antiplatelets is intended to estimate the effect of these agents in general. Separate analyses were performed because we did not consider it reasonable to include all studies within the same meta-analysis, given the differences in treatment exposure. The nonsignificant effect of age on meta-regression suggests that this variable is not an important modifier of the effect of aspirin at the study level, despite its apparent association with mortality.
The identified reduction in mortality in aspirin users has a biological basis. The following effects are either demonstrated or have a considerable likelihood of being produced by the low doses of aspirin used for cardioprotection.
Tumor necrosis factor (TNF) and interleukin-6 are pivotal pro-inflammatory cytokines. In sepsis, immune cell receptors recognize diverse pathogen-associated molecular patterns mediating intracellular signaling events that result in nuclear factor kappa-beta (NFκ-B) activation and transcription of TNF. NFκ-B activation is inhibited by aspirin and other NSAIDs, which is mediated by inhibition of IκB kinase. The concentration of NSAIDs required for this inhibition has been measured to be lower than aspirin (23) , although the lower range of aspirin for this effect has not been defined.
Lipid mediators of sepsis have recently been described (24) . Several of these molecules act not only as anti-inflammatories but also to restore homeostasis (22, 25) . In sepsis, they reduce established inflammation by mechanisms including restoration of polymorphonuclear apoptosis, which limits continued production of pro-inflammatory cytokines in tissues (26) . Low doses of aspirin have been shown to increase lipoxins (aspirintriggered lipoxin, [ATL]) and resolvins in vitro (22, 25) and in human trials (27) . Furthermore, aspirin reduces mortality in animal models when given either before or after onset of sepsis (28) . Low-dose aspirin increases nitric oxide production as shown in experimental animals (29) . Finally, in a human model, ATL accounts for prevention of skin blisters via both reduced inflammatory cell accumulation and endothelial adhesion (30) . Platelets become activated in sepsis due to interaction with invading bacteria via three broad mechanisms. These constitute 1) binding of bacteria to plasma proteins that are ligands for platelet receptors; 2) direct bacterial binding to platelet receptors; and 3) secretion of aspirin binding bacterial products such as toxins (31) . Aspirin reduces activation of platelets by inhibition of cyclooxygenase I (32), thus reducing activated platelets contribution to microvascular occlusion and organ failure (33) .
The minimum period of aspirin therapy required to improve patient outcomes prior to onset of infection remains unknown. However, aspirin's inhibition of platelet activation lasts for their circulating lifetime (34) . Although ATL increase was measured after 8 weeks of aspirin in a human randomized controlled trial, there are no data on the duration after aspirin cessation (27) .
In this meta-analysis, we included all published data describing clinical outcomes in patients taking aspirin and other antiplatelets prior to sepsis onset. Because individual patient data were made available, we have been able to extract information on clinical outcomes and provide a comprehensive assessment of treatment effect despite the differences in study design. For example, we have been able to include the population-based study covering 98% of Taiwan's population through analysis of the National Health Insurance program. This study includes 683,421 subjects. A nested case-control study of 186,374 patients with recent antiplatelet use based on prescription up to 30 days before hospital admission showed an adjusted odds ratio for mortality of 0.90 (95% CI, 0.87-0.94) (13) . In another study with a primary endpoint of ICU mortality in patients with acute lung injury, univariate analysis of 111 subjects with sepsis showed no benefit from prior aspirin use (11) .
Notably, a recent study of aspirin intervention for prevention of the adult respiratory distress syndrome mostly enrolled patients with sepsis due to pneumonia (35) . This trial showed that aspirin did not prevent death that was a secondary outcome. Although this trial will most likely discourage subsequent investigations of intervention in sepsis, the strategy we are describing here is a preventive one.
Limitations of this study include our reliance on observational data and the heterogeneity discussed above. The range of covariates reported in all the datasets and desire to maintain consistency of methods restricted our ability to propensitymatch patients using a broad range of factors predicting aspirin use. The diagnosis of sepsis in all but three studies (11, 14, 15) used prevailing criteria (36, 37) . Updated consensus definitions of sepsis (38) were published after conclusion of all the studies included herein. It was not possible to assess adherence to aspirin among study participants, and individual data on aspirin dose were not universally available, prohibiting sensitivity analyses on these factors. There are no pediatric data due to concerns of the link between salicylate use and Reye Syndrome in febrile children. Finally, there is a paucity of critical care data in the developing world. However, the analysis' strengths include incorporation of data from all published studies to date describing sepsis outcomes in a large group of patients using aspirin.
The demonstrated association between prior aspirin use and reduction in mortality in patients with sepsis supports a preventive approach for this prevalent syndrome. Primary prevention with aspirin appears to reduce all-cause mortality. A meta-analysis of 100,000 participants from aspirin primary prevention trials showed that aspirin reduced all-cause mortality (OR, 0.94; 95% CI, 0.88-1.00), due to reductions in neither cardiovascular nor cancer deaths (39) . No analysis of noncardiovascular or noncancer mortality has been undertaken on data from primary or secondary aspirin prevention studies. It may be that one of the previously unmeasured means by which aspirin reduces all-cause mortality is via a reduction in sepsis deaths when aspirin is used for primary prevention.
A randomized placebo-controlled trial of low-dose aspirin and prevention of sepsis deaths (The AspiriN To Inhibit SEPSIS trial [ANTISEPSIS]) in progress is a substudy of the ASPREE primary prevention study (40) . The results of this propensity analysis-based study are an important prelude to ANTISEPSIS, which will be powered to detect a reduction of sepsis mortality of equal magnitude to that shown here.
However, there are important factors that distinguish this meta-analysis and ANTISEPSIS. The mean age of patients we have studied was 61.6 years at the onset of sepsis. By comparison, the ANTISEPSIS patients are considerably older, with 90% of patients in ANTISEPSIS over 70 at trial entry and an indeterminate time to sepsis onset. Additionally, the ANTISEPSIS primary endpoint of sepsis-related death is measured in all hospitalized patients in contrast to most of the studies in this meta-analysis, which only involve deaths in ICU. Although results from ANTISEPSIS may show the benefit of a low cost, low-dose aspirin sepsis prevention strategy, this meta-analysis is of value due to the fundamental differences in the patient populations studied.
CONCLUSIONS
Our results are consistent with effects ranging from a negligible 2% reduction, through to a clinically important 12% decrease in the risk of death in patients hospitalized due to sepsis where they had prior aspirin treatment. Although recent trial data show that aspirin treatment does not reduce mortality in patients with pneumonia, the available literature does show an association between prior aspirin use and reduction in sepsis deaths.
